Jefferson Lab, Hampton University, and University of Virginia are collaborating on optimization of dedicated scintimammography mini gamma cameras. Several prototype imagers with a FOV of 4"x4" and 8"x6" were tested for an application in a dual modality mode as an adjunct technique to digital mammography imagers, or as stand-alone instruments in a dedicated breast SPECT mode. The goal of this study was to obtain experimental data allowing for selection of the best imaging geometry to detect small lesions labeled with Tc-99m.
I. INTRODUCTION
Scintimammography studies pcrformed with standard nuclear medicine cameras suffer from poor sensitivity for lesions under lcm in diameter and lesions located in the medial aspect of the breast [I-31. In order to optimize the diagnostic value of scintimammography, several independent groups have been working to explore various technologies to develop compact imagers. The compact design of these detectors is specialized to improve imaging geometry and allow various image orientations. The technologies used include position sensitive photomultiplier tubes (PSPMTs), photodiodes, or cadmium-zinc-telluride (CZT) detectors.
Compact gamma cameras based on PSPMTs are being used by several groups [4-61. Patient studies using dedicated planar PSPMT systems demonstrate promising advantages over the standard camera technique and these results have sparked commercial interest [7, 8] . Photodiode systems are being utilized and have also been implemented by commercial partners [9] . Finally, CZT based systems hold great promise and continue to develop with the advances in that technology [lo] . In addition to scintimammography, compact detectors have been developed for positron emission mammography Dedicated breast SPECT imaging has been proposed and may hold promise with further study [ 151. In theory, SPECT reconstruction projections would improve lesion to background contrast ratios. Work has been done on a CZT based SPECT system [ 101. Results of planar vs. SPECT studies performed with conventional cameras has been released and they demonstrate the technical challenges of scintimammography in both modalities [ 
161.
In collaboration with several partner institutions, we have been working with PSPMT based imagers in several modalities in an effort to find the best clinical solution for metabolic radionuclide imaging in breast. Our involvement with both single gamma and positron detection has permitted several configurations for our systems in both patient and phantom studies with a specialized elastic breast phantom. The patient studies included scintimammographic planar imaging (6"x 8" detector), scinti/digital mammography dual modality imaging (4"x 4" detector), and gamma imaging for stereotactic guided biopsy (2"x 2" detector) [ 17, 181. We have recently also achieved first phase data for a dedicated breast SPECT system based on a PSPMT design.
[ll-141.
EQUIPMENT AND METHOD

A. Detector System
Several mini gamma camera prototypes with an active area of 4"x4" to 8"x6" and based on an array of compact Hamamatsu [ 191 R7600-00-C8 position sensitive photomultiplier tubes (PSPMTs) were built. Figure I shows a schematic diagram of the 8"x6" mini gamma camera head. Each of the R!600-00-C8
PSMTs has a transversal size of 26x26 mm-apd a minimum effective photocathode area of 22 x 22 mm-. The 8x6 PSPMT array was optically coupled to a high quality matching size pixellatcd Nal(T1) array from Bicron Corporation [20] . The 
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0-7~03-h~03-X/O1/$10.00 2001 IEEE array is a matrix of -3"
x -3"
x 6mm pixels washed and treated with optical grease to make the skin encapsulated in a compact housing with a 5 mm thick glass transparent for visual inspection. The shape is then formed window which is acting as the first part of the twoutilizing a hard plastic breast mold attached to a vacuum component optical coupling window (Figure 2 
PMTs then placed into an ice bath The ice bath decreases cooling time and causes the mixturc to gel trom the breast wall inward.
\ . Voltage dividers and amplifiers Each NaI(TI) pixel element is separated by 0.3 mm septa made of white epoxy diffusing walls. Intrinsic energy resolution of 8.5% FWHM @122 keV was measured for this array using standard PMT. The optimized second part of the optical window made of individual tapers enabled uniform response across the surface of the army detector despite the dead regions between individual PSPMTs (see Figure 2 ).
This wall-to-center cooling process is paramount for good lesion placement. While the mixture cools, three hollow plastic lesions (example of volumes= 1 .Oml, 0.6ml and 0.35ml) are prepared with a specific activity typically six times greater than the gelatin breast. Once the breast solution has solidified to 5096, the lesions are inserted using a pair of hemostats. The 50% gellation level allows insertion through the warm liquid layer into the gel layer without causing any tears in the gel structure. After the entire breast volume has solidified, the plastic back plate is attached to the chest wall side of the breast and the assembly is removed from the mold. The back plate is an oval piece of 5mm thick plastic with a center mounted pivot rod to facilitate mounting to the SPECT drive train. The resulting phantom can be imaged in a compressed or uncompressed geometry and regains the original shape and lesion location once released from compression. An in-house built multi-electrode amplifier circuit was used to combine the anode signals from all of the PSPMTs. For example, in the 8"x6" camera this resulted in a total of 32 outputs (18 for x-direction and $14 for y-direction). Two data acquisition systems were used. The first was based on an Apple Macintosh G3 attached to a mini-CAMAC crate with two 16ch FERA LeCroy ADCs. The second was built around a PC computer with two 16ch Date1 PCI ADC cards. In both cases the software program Kmax from Sparrow Inc. was used [21] . The attained average energy resolution, including all the uniformity corrections (PSPMT response, light guide response, dead area losses, etc), was 17.5% FWHM @ 140 keV (see Figure 4) .
B. Phantom Preparation
An important technical aspect of the study was our ability to perform comparative imaging of the same elastic breast phantoms with compression levels from no compression down to 5 cm compression, both in planar and SPECT imaging geometry. The flexible breast phantoms consisted of four main parts: a plastic chest wall back plate, a latex outer skin, a gelatin core and plastic lesions 1221. First, the latex skin is
C. Collimator Sensitivity and Resolution
Several collimators were evaluated using a lOcm diameter petri dish filled with 151pCi of TcyYm distributed in 3mm of solution. The disk was placed directly on the collimator and counts were obtained for 2 minutes. The collimators represented a range from high efficiency collimators to high resolution collimators. Four of the collimators were of a corrugated lead construction and one was specially executed etched tungsten sample with square holes, .from Thermo Electron -Tecomet [23] .. All sensitivity measurements are corrected for radioactive decay and are based on both a =I-10% energy window and the current operating energy window for the system of -2.5, +30% imaging window. Results for +I-10% window are shown in Figure 3 . The loss of sensitivity is due to a number of known complications of pixellated arrays. First, the septal walls separating adjacent pixels result in a loss of 18% of the active surface area. The second factor effecting the sensitivity relates to energy resolution, as seen in Table 1 . Standard cameras average about 10% energy resolution while our system has an energy resolution of 17%. This wider energy resolution of the pixellated system results in fewer counts in the standard +/-IO% energy window. This effect alone reduces the measured counts by 23%. Lastly, the crystal depth of 6mm has an 80% stopping power for the140 KeV gamma energy. This results in an additional 15% loss of efficiency when compared t o the commercial detector's 95% stopping power. The combined effect of these three factors accounts for a 40% loss of efficiency for this detector system. These calculations still do not entirely account f o r the difference between the measured and expected values. The remaining gap is possibly due to the inefficiency of scintillation events occumng near the edge of the pixel. It is known that the probability of the escape electron re-depositing all of its kinetic energy in the crystal structure decreases at the edge of the crystal [24] . Since the pixellated crystal array is constructed from many small individual pixels the probability of a scintillation event occurring at the edge of a crystal is obviously much higher for a pixellated array than for a solid crystal. A near-hture simulation study is planned to finalize the sensitivity analysis.
System spatial resolution was measured with the same five collimators. Each collimator mcasurement was performed with two capillary tubes mounted on a translation table. Resolution was measured for distances ranging from I-to15cm from the collimator face. The results are shown in Figure 4 . 
PHANTOM STUDIES
Two distinctly different imaging geometries were compared using flexible, compressible breast phantoms made from gelatin with inserted small fillable lesions (Figures 5 and 6) . Typically, three lesion sizes (volumes) were chosen: of 0.35m1, 0.6ml and lml. Several uptake ratios between the lesion and the surrounding "healthy" breast tissue from 3: 1 to 6:l were uscd. In the first geometry, breast phantom was under compression down to -5 cm and imaging time of 10 minutes was used. In the second case thc dedicated breast SPECT imaging geometry was evaluated with the breast phantom rotated in front of the mini-camera, using a computer controlled stepping motor. Over 100 projections, each up to I minute long, were acquired in test runs with an angular step of -3.5 deg.
A. Planar Itringing
Examples of the results of planar imaging for the compressed and non-compressed breast phantom are shown in figures 7-9 and in Table 2 . Figure 7 shows the energy spectrum and the corrected image for the compressed breast phantom from figure 5. To simulate the idea of a two gamma camera system to simultaneously image breast (in order to get better visualization of the asymmetrically placed lesions), the breast phantom was imaged from both sides using the same detector head. The results show that closeness to lesion is almost as important as compression in detecting small lesions. Figure 5 : The left schematic drawing shows the imaging geometry with breast phantom under compression. Several lesions of different sizes and the uptake ratios (typically 6:l) were used. Middle photograph shows the actual gelatin phantom under compression. The second schematic drawing at right illustrates the preferred imaging geometry with breast under compression and two detector heads. Figure 10 shows an example of the SPECT reconstruction obtained utilizing the 8"x6" field-of-view camera system with a general-purpose collimator (#3 from Table 1 ). The gelatin breast phantom with three hallow plastic lesions (1 ea.-0.6ml and 2 ea.-0.35ml) was prepared to provide a 6:1 lesion-tobackground ratio. Imaging time was statistically equivalent to a 1 minute per step acquisition time for a patient breast background activity of 0.3pCi/ml. This imaging time was selected to determine the clinical practicality of a three-head dedicated SPECT instrument. The total imaging time for the proposed three-head study would be 35 minutes (107 steps over 360"). Prior to SPECT reconstruction, raw image data was processed by a dilation/bilinear interpolation algorithm followed by a 3x3 median smooth. Image reconstruction provides coronal slices at 3mm intervals progressing from posterior (left, top corner) to anterior (bottom, right comer). Although there is a significant level of image noise, it is differentiated from true lesion signal by comparison of two consecutive slices. The resulting reconstruction viewed above is a 256-shade hot metal LUT with a simple 3x3 mean smooth to reduce high-frequency noise. Slices 9-14 show the positive signal from each of the three lesions.
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B. SPECT Studies
Iv. CONCLUSIONS AND FUTURE PLANS
The results of the first phase of our optimization study confirm that the planar compressed geometry seems to offer the highest sensitivity for detection of small lesions in breast, especially in its optimized form with two opposite detector heads. In the near future we will further evaluate this method of double-sided imaging with co-registration of the two images to improve detection of asymmetrically placed lesions, but also to increase statistical validity of the signal obtained from all lesions. We believe, that the added cost of the second detector head is well justified by the increase in detection sensitivity. Also, in the second phase of this continuing study, a dedicated breast SPECT system with two detector heads will be built to further evaluate the SPECT solution and compare it with the planar geometry. 
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